We have characterized particulates from a 1993 1 1.1 Detroit Diesel Series 60 engine with electronic unit injectors operated using fuels with and without methylcyclopentadienyl manganese tricarbonyl (MMT) and overbased calcium sulfonate added. X-ray photoabsorption (XAS) spectroscopy was used to characterize the diesel particulates. Results reveal a mixture of primarily Mn-phosphate with some Mn-oxide, and Ca-sulfate on the surface of the filtered particulates from the diesel engine.
INTRODUCTION
Methylcyclopentadienyl manganese tricarbonyl (MMT) is an effective means of increasing octane quality of gasoline. [ 11 Comprehensive automotive testing also shows that vehicles using MMT (0.03125 gram manganese per gallon) in gasoline had 6% lower CO emissions and 20% lower NO, emissions than automobiles operating on base gasoline. [2] In another application, it is proposed that MMT with overbased calcium alkylbenzene sulfonate (OCABS) be employed as a fuel additive package to reduce diesel smoke and particulate emissions. [3] OCABS are also used to impart detergency in engine oils and fuel combustion catalysts. [4, 5] Identification of the manganese and calcium species formed by the decomposition of MMT and OCABS in diesel engines is of practical importance and of environmental interest. These species end up either on surfaces in the exhaust system of an automobile or are emitted into the atmosphere. This paper reports on an investigation to determine the surface composition of particulates emitted from vehicles operating on fuel containing various concentrations of MMT and calcium sulfonate using X-ray absorption spectroscopy (XAS).
EXPERIMENTAL
Particulate samples from diesel engine test runs using fuels with and without methylcyclopentadienyl manganese tricarbonyl (MMT) and overbased calcium alkylbenzene sulfonate added were characterized. The fuels used were Colonial diesel (389 ppm S) and Howell diesel (460 ppm S). The particulate samples were collected on filter paper. The test runs are summarized in Table I . It should be noted that engine operation time for Run 1716 had a duration five times that of the other test runs resulting in 5X exposure of the filter. Manganese 2p and calcium 2p core-level XAS were performed on these particulates and the series of Mn and Ca compound standards. This technique probes empty or unfilled 3d electronic states of manganese and provides information on the local chemical environment. For 2p X-ray absorption, the dipole allowed transitions are 2p + 3d and 2p 3 4s, with transitions to the 3d states dominating. The observed behavior has been interpreted as the combination of crystal field effects with splittings due to multipole 2 p 3 d and 3d-3d interactions. Crystal field effects, measured by the cubic crystal field parameter, are equal for both the initial and final states. Also, the 2p core hole spin-orbit coupling splits the absorption spectrum into a 2p,, (L3) and a 2p,,, (L) part. In addition, it has been observed that the branching ratio of the L, edge intensity to the total line strength depends on the oxidation state of the Mn and Ca. Specifically for Mn, this branching ratio decreases in the order Mn(I1) 4 Mn(II1) + Mn(1V). [6, 7] This analysis was performed at the 8-2 beam line at the Stanford Synchrotron Radiation Laboratory (SSRL) by scanning the photon energy of the incorning monochromatic synchrotron radiation through the Mn 2p and Ca 2p core-level edge (L-edge) while monitoring the total electron yield. The spectra were calibrated arbitrarily with 640 eV for the absorption maximum in the Mn model compounds and -347 eV for the Ca model compounds. separation between the L, and L, peaks and their relative intensities as well as the shoulder on the low energy side of the L, peak for the phosphate and sulfate. Table I1 summarizes the pertinent Mn L-edge spectral characteristics. Figure 2 presents the Ca 2p core level XAS of the Ca model compounds. All spectra show two areas of absorption, Ca 2p3,, (L,) at -348 eV and Ca 2p,,, (L,) at -351 eV. Also, smaller associated absorptions are seen as either shoulders or resolved satellite peaks for both L, and L, in all spectra. Quantitative determination of the model compound Ca species relies on energy separations of the small satellite peak and the associated main peak of the Ca L-edge spectra as are summarized in Table 111 . Since Ca only occurs as Ca(II), subtle differences in the peak shapes, AE(L,, -L,,), linewidths and the branching ratio will be utilized to determine Ca speciation in the diesel particulates. The Mn XAS spectra for the diesel particulate samples are presented in Figure 3 . Table   IV summarizes the spectral characteristics. From visual comparison, these spectra best match the trio Ca added to fuel, $no Mn added to fuel
RESULTS

XAS -Model Compounds
The Ca XAS spectra for the diesel particulate samples are presented in Figure 4 . Table V summarizes the spectral characteristics. Visual comparison of the Ca L, spectral features for the diesel particulates with the Ca L, spectral features for the Ca model compounds would seem to indicate that the Ca speciation has several possibilities and that the species may be different for some of the samples. The L, linewidth suggests in all cases CaSO,. The L,-L, energy separation suggests phosphate and nitrate (chloride is most likely not occurring because of the lack of a chloride source); The ba-L3b satellite separation suggests sulfate, phosphate, and nitrate. The branching ratio suggests phosphate and sulfate. 
CONCLUSIONS
We have applied XAS to identify Mn and Ca species in exhaust particulates from a diesel engine operated using fuel with MMT and overbased calcium alkylbenzene sulfonate. These compounds are reported to improve combustion charaGteristics leading to reduced diesel smoke and particulate emissions.
We have compared the energy separation of the XAS L3 and L, edges, the L3 linewidth, and the branching ratio of these diesel samples with the spectral characteristics of the Mn and Ca model compounds to determine the surface composition of the samples. Results for the diesel particulate samples indicate that the Mn is present as a mixture of phosphate and/or sulfate with oxides and that the Ca is primarily present as CaSO,, consistent with the higher operating temperatures. A high sulfur content fuel and diesel operating conditions would probably yield primarily sulfates. However, Ethyl simulations indicate that MnSO, is not stable at higher temperatures. 
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